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SUMMARY PAGE

THE PROBLEM

In order to evaluate impact protection devices, an impact injury
model for restrained humans in a crash environment must be developed.
Disruption of the functioning of the central nervous system (CNS) is
an important consequence on impact injury involving the head and neck,
and is an important consideration in the development of a useful
impact-injury model. Ultimately, neurophysiological criteria are
desired. Evoked potentials (EPs) are likely to provide appropriate
neurophysiological information, but quantitative analysis of EP data
presents considerable difficulty. The main purpose of the work
reported here is to develop and test appropriate EP data analysis
techniques. In particular, the normalized cross-correlation function
(NCCF) and polyexponential regression were evaluated in this
application.

FINDINGS

Data were obtained from a single experiment which is part of an
* on-going program to test the neurophysiological effects of indirect or

inertial head-neck acceleration. An unanesthatized Rhesus monkey,
with torso restrained in a seated position, and with head and neck
free to move, was subjected to a peak acceleration of 963 m/s2 in the
-X direction. Recordings of somatosensory evoked potentials were
obtained using recording electrodes over the cervico-medullary
junction. Electrical stimuli with a duration of 0.2 ms and a current
of 0.75 ma were delivered at a rate of 5 Hz to the dorsal columns at
L1-L2. EPs were recorded prior to impact, through impact, and
subsequent to impact. NCCFs were computed between "reference waves"
which were selected portions of average evoked potentials (AEPs)
computed from large segments of pre-impact data, and "test waves"
which were AEPs computed from numerous small segments of pre- and
post-impact data. From the NCCFs, measurements of latency shift and
change in waveshape were determined, and plotted as a function of time
relative to impact. Polyexponential regression was applied to some of
these plots. Conventional latency and amplitude measurement
techniques were also tested. The effects of varying the parameters of

* NCCF computation were examined. It was found that the NCCF was a
powerful and flexible tool for analysis of AEP data. Polyexponential
regression was found to be useful in describing the time course of the
effects induced by impact.

RECOMMENDATIONS

The NCCF is powerful and effective as it stands, but other
techniques, including conventional latency and amplitude measurement
should also be used. The NCCF computation requires four parameters.
Efficiency would be enhanced if automated algorithms to determine
these parameters were developed. Polyexponential regression presents

*O concise results, but under some conditons, its computation presents
technical problems. These problems should be subject to further
investigation, and also, alternative procedures should be considered.

I ii
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INTRODUCTION

It is often necessary to describe concisely evoked potential (EP)
data as a function of time over the course of an experiment. For this
purpose, it is necessary to represent the properties of each EP by a
small number of scalar measures. In most modern analytic procedures,
each EP is represented by a vector in a space of high dimensionality,
and the analytic problem may be described as that of reducing the
dimensionality of the vector space to a small number without loss of
relevent information. Because of the complex and varied nature of EP
waveforms, there is no known means to affect such a reduction in
dimensionaltiy that is generally applicable. It is agreed, however,
that relatively few dimensions are required for an adequate
representation in most cases (see Glaser and Ruchkin, 1976; Squires,
et al., 1977; Squires and Donchin, 1976). In this paper, the author
demonstrates the use of normalized cross-correlation functions (NCCFs)
to extract two scalar measures from EPs: (1) a measure of latency
shift; and (2) a measure of change in waveshape. The NCCF procedure
does not provide a measure of EP amplitude. Two other procedures are
also shown: a simple peak-detecting algorithm which provides
measurement of peak latency and peak amplitude; and an RMS procedure
which provides a measure of shape-independent amplitude over an
interval. it was found that in the data examined, some of the
measures appeared to decay exponentially after changes were produced
by a single experimental manipulation, and the use of polyexponential
regression for the analysis of such data is demonstrated. "S

There is no standardized procedure for latency measurement in EP
work. This is in part because EPs are extended in time and vary in
shape. It is therefore not possible to specify a landmark on the EP
which has a constant relationship to other parts of the EP, and
latency must be defined in terms of a particular procedure. The NCCF
allows definition of an overall latency shift of a waveform, as well

Vas latency shift of separate portions of the wave. Furthermore, under
certain conditions, the NCCF provides latency shift information that
may be more readily interpreted in terms of physiological changes than
many peak-detecting procedures. Waveshape measurement is even less
well defined than latency measurement. Using the NCCF it becomes
possible to define waveshape change in a way that allows examination

* of subtle EP changes that are otherwise difficult to detect and
quantify.

METHODS

* The present data were taken from a single experiment which is
part of a large project in progress at the Naval Biodynamics
Laboratory in New Orleans. In this project, the effects of impact
acceleration on human and sub-human primates are evaluated. The
experiments are conducted on a horizontal accelerator which consists
of a sled which decelerates gradually (0.2g) on a 213 metre track,

* after impact acceleration by a large horizontal piston (one metre
stroke). The experiment used in this report was conducted on 14 July
1978 on Rhesus AR0761 and is referred to as run LX3010. The subject

1
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was restrained in a nylon suit which covered the entire body except
for the head and neck, and was seated in a fiberglass chair which was
molded to match the shape of his back. Straps sewn to the suit firmly
restrained the subject in the chair. The peak sled acceleration was
approximately 963 m/s2 in the -X direction (Thomas, et al., 1974,
1975; the back of the subject faced the direction of motion). Under
these conditions of restraint and direction, 963 m/s 2 is a severe, but
generally non-lethal impact for Rhesus.

Constant current, 0.75 ma., 0.2 ms., monophasic pulses were
delivered to the dorsum of the spinal cord at level Li through
chronically implanted bipolar electrodes at the rate of 5 Hz. The
stimulus level was the highest that was consistant with apparent
comfort of the subject. Large but not maximal EP amplitudes were
obtained. The EP data presented here were recorded from electrodes
placed subdurally over the dorsal cervico-medullary junction (see
Walsh, et al., 1978 for surgical details). The system bandpass was 30
Hz. to 1500 Hz. (-3 dB).

Evoked potential data were collected continually for an 80 minute
period starting 30 minutes before impact. The data were amplified on
the sled, telemetred to nearby equipment an recorded on FM tape. The
data were digitized off-line on a hybrid EAr' computer at a 100 kHz.
sampling rate. A software-hardware design was used which synchronized
digitization with the stimuli, and minimized the numerous timing
errors associated with suc procedures. The digitized data were
processed on a UNIVAC 1100" series computer. S

Before further analysis, two types of average evoked potentials
(AEPs) were computed: test and baseline. Numerous test AEPs were
computed by counting forward and backward in time from the impact, and
dividing the sequence of EPs into sub-sequences of 1, 10, or 50 EPs.
A test AEP was computed from all or most of the EPs from each S
sub-sequence. Occasional EPs were dropped for technical reasons.
Since the inter-stimulus interval was 0.2 sec., the sub-sequences
covered the intervals 0.2, 2.0, and 10.0 sec. respectively. A single
baseline AEP was computed from all of the EPs used to compute the
pre-impact test AEPs.

Computation of an NCCF may be thought of as a search for a
selected portion of the baseline AEP in each of the test waves. This
selected portion is called the reference wave and was selected by
specifying two latency limits. For example, the portion of the
baseline AEP between 3.00 ms and 6.80 ms post-stimulus was one of the
selections. To compute the NCCF, the reference wave was shifted along
the test wave and Pearson's correlation coefficient was computed
between the reference and test waves at each value of the shift. The
NCCF is the correlation coefficient as a function of the amount of
shift. To obtain the scalar measures that could be plotted as a
function of time in relation to impact, each NCCF was scanned for the
highest value of the correlation coefficient. This highest
correlation coefficient, and the associated latency shift (of
reference wave with respect to test wave) were the two scalar
measures. If the maximum correlation coefficient occurred at either

2



Evoked Potential Analysis July 13, 1982

end of the range of latency shifts, the corresponding data were
discarded.

Two methods other than the NCCF procedure were employed: simple
peak-detection and RMS amplitude measurement. In simple
peak-detection, the absolute minimum or maximum within a selected
latency interval was determined. The result was discarded if the
absolute extremum was at the beginning or end of the selected
interval. A mean amplitude computed from pre-stimulus data was then
subtracted from the amplitude at the extremum. Two scalar measures,
amplitude and latency, were returned for each peak-detection. In RMS
amplitude measurement, first the mean amplitude in a selected latency
interval of the AEP was subtracted from the AEP, and then the RMS
amplitude of the residual was estimated. This resulted in a single
scalar measure representing a shape-independent amplitude over the
selected interval.

In selected cases, post-impact sequences of scalar measures were

fitted to the equation:

N

* y f aiexp(bit) [1]
- i=l 1

where a. are exponential amplitudes, bi are inverse time coefficients,
and N is the number of exponential terms. Only real values of a and
b were considered, and the values of N used were 1, 2, and 3. +hei
method employed was a modification of the modified Gauss-Newton,
least-squares method recommended by Metzler, et al. (1976, pp. 3-9).
Standard errors for the regression coefficients were obtained from the
diagonal terms of the estimated coefficient covariance matrix
(Metzler, et al., 1976, p. 8). Initial estimates of the exponential
coefficients were obtained with a modified version of the program
CSTRIP (Sedman and Wagner, 1976). The pre-impact median was taken as
zero for the regression analysis.

O RESULTS

Appearance of Normalized Cross-Correlation Functions

.- Figure 1 shows sixteen NCCFs obtained by applying four reference
waves to four test waves. Each reference wave was a different but

* sometimes overlapping portion of the same baseline AEP, (N=584, which
* .corresponds to all pre-impact data displayed in figures 2, 3, and 4).

The four reference waves are described in table 1. Three peaks are
discussed throughout the following material. These are labeled a, b,

,. and c in figure 1 and other figures. Each test wave was an AEP (N=10)
taken from a different part of the experiment. The four test waves
are described in table 2.

All four of the NCCFs for the pre-impact test wave (figure 1,

3
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FIGURE 1 ".V

16 NCCFs (in a matrix) obtained by applying four reference waves (A-D,
N=584) to four test waves (1-4, N=10). Times (in ms) above the
reference waves are the selected latency limits determining the
reference waves. Times (in see) below the test waves are the stimulus

time limits (relative to impact) for the AEPs constituting the test

waves. Reference waves B, C and D are sub-portions of reference wave
A. The latency shift range for the NCCFs in columns A and D is -1.0

to +2.2 ms The range for columns B and C is -1.0 to +3.0 ms

Correlation coefficients are indicated at many of the peaks.

Throughout this paper, three peaks of the AEPs labeled a, b, and c in

Ithis and subsequent figures are discussed. Polarity in these bipolar
EPs has little meaning, but positivity is considered upward in all -

figures for the sake of discussion. In all NCCF and latency graphs,
positivity is upward.
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TABLE 1

REFERENCE WAVES

1AVE LATENCY RANGE (ins) DESCRIPTION

A 3.00 to 6.80 Major portion of the EP.

B 3.00 to 4.48 Early diphasic, fast negative peak (a) K
followed by slowr, larger amplitude
positive peak (b).

C 4.25 to 5.27 Middle-latency, slow, negative,
monophasic peak (c).

j D 5.04 to 6.80 Late, low-amplitude, fast activit).

TABLE 2

TEST WAVES

WAVE TIME re. IMPACT, DESCRIPTION
FIRST STIM (sec)

1 -96 From control epoch, a subset of the
baseline AEP. S

2 +19 EP is undetectable, ripples or late
slow wave may be EP activity.

3 +39 EP most likely present as indicated by

NCCF analysis. In figure 1, two arrows
indicate the most likely location of
peaks b and c. Marked latency increase.

4 +86 EP clearly present; peaks b and c have
altered shape; latency increase, but
not as much as for wave 3.

5
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row I) indicated an excellent match between reference and test. The
lowest peak correlation in row I was .91, and the greatest latency
shift was 30 ps. Generally there are numerous of peaks in each NCCF.
The highest peak (the one which indicated the best match) is referred
to as the primary peak, and the others are referred to as secondary
peaks. Note that if any of the secondary peaks were to achieve an
amplitude comparable to that of the primary peak, erroneous results
could have been obtained for peak correlation and latency shift. The
more complex reference waves (A and D) yielded lower amplitude
secondary peaks. In the post-impact data, there were smaller
differences (figure 1, rows 2, 3, 4) between the primary and secondary
peaks of the NCCFs, and selection of the correct primary peak was
therefore less reliable.

In row 2 data, where the EP was essentially absent, the more
complex reference waves (A and D) gave relatively low peak
correlations, but the simpler reference waves (B and C) gave high peak
correlations. The shapes of the row 2 NCCFs were substantially
different than those from the pre-impact data (row 1). In rows 3 and
4, where the EP returned, the NCCFs began to approach the general
appearance of the pre-impact NCCFs, and the more complex waves again
gave high peak correlations. The position of the peaks in rows 3 and
4 clearly indicated an increase in latency. The average latency
increase for all reference waves in row 4 was about 230 ps.

The Range of Shifts in Latency Indicated in NCCFs

The problem of secondary peaks can be ameliorated if the range of
latency shifts allowed in the NCCFs is limited appropriately. There
was no instance where a latency increase in these data was ever
observed to exceed 1.0 ms in cases where the presence of the EP seemed
relatively certain. It appeared reasonable, therefore, to eliminate
shifts greater than +1.0 ms. Substantial latency decreases were not 0
observed, and the NCCFs were truncated at -0.20 ms. The effect of
truncation is shown in figure 2. This figure shows plots of the
latency shifts and correlation coefficients at the maxima of the
NCCFs. Time (in minutes) relative to the impact is represented on the
abscissa. Plots are shown for two ranges of shift in latency: (A)
-1.0 to +2.2 ms, and (B) -0.2 to +1.0 ms. The effect of truncation on
the plots of shift in latency is apparent. The latency results were
much less noisy with the narrower range. The effect of truncation on
the correlation plots is less apparent but there was a small tendency
toward lower correlations with the narrower range.

Plots From Various Reference Waves

Plots are shown in figure 3 (rows A-D) for the four reference
waves of figure 1. The latency shift range of -0.2 to +1.0 ms was
employed for all plots in this and subsequent figures. In the latency
shift plots, the most complex reference wave (A) resulted in the
smoothest plot. However, latency shift plots for the simpler
reference waves provide important information. This may be seen by

*6
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comparing latency shift plots for reference wave B which represents
the early part of the EP, with reference wave C which represents a

4later peak. During part of the post-impact period, the latency shift
of the early part of the EP (B) was greater than that of the later
part (C). This may be seen more clearly in figure 3, row E (note the
vertical scale difference) in which a plot of the differences between
the latency shifts in rows B and C is shown. The distribution of the
differences between the post-impact portions of rows B and C was
tested with the two-tailed Sign Test (using the normal approximation),
and the null hypothesis was rejected at the 0.0001 significance level.

NCCF and Simple Peak Detection Compared with Respect to Latency

The results of the simple peak-detection algorithm are
illustrated in figure 4 for comparison with the NCCF results. The
latency results of figures 3 and 4 are to the same scale, and may be
compared directly. Except at peak c, there was little difference
between the two methods in the level of noise. However, the two
methods of latency measurement gave substantially different results
for the latency shifts in some cases. For example, the peak-detection
plot for peak b (figure 4, row B) indicated a latency increase of 390
ps at 2.5 min. post-impact while the NCCF result for peaks a and b
combined (figure 3, row B) indicated a latency increase of 210 Ps.at
2.5 min. post-impact.

Both procedures were run on unaveraged data in order to compare
the two methods of latency measurement under more stringent
conditions. The left column of figure 5 shows latency plots for
peak-detection of three major peaks (labeled a, b, and c in figure 1).
In the pre-impact period, the peak a latency (graph A) remained near
the pre-impact median with little variability, while the pre-impact
latencies for peaks b and c were more variable. During the first
post-impact minute, however, the latency variability for all three
peaks increased beyond levels that could be considered physiologically
reasonable. This instability is due to failure in peak-detection. In
the second post-impact minute, reasonable stability was again observed
for peak a, while there was still little stability in the detection of

* peaks b and c. The NCCF using the complete AEP graph D) was a little
less stable than peak-detection of peak a (graph A). When the peak a

was excluded from the reference wave (graph E), the NCCF result became
slightly less stable, but was still more stable than than
peak-detection of peaks b and c (graphs B and C).

Amplitude Measurement

Li Latency and waveshape were stable for averages of 10 EPs, and
both peak-detection and NCCF methods worked well (figures 3 and 4).
The peak-detection algorithm could therefore be used to study peak

amplitude. Peak amplitudes were measured with reference to a S
pre-stimulus mean amplitude (figure 4, rows A, B, and C, corresponding
to peaks a, b, and c of figure 1). Even in the control period under
the best of circumstances, the EP peak amplitude was much more

9 S
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variable than the peak latency measurement, and both NCCF
measurements. The stability of the latency data in the control period
indicate that this amplitude variability was a physiological effect
and not a computation problem.

The results of RNS amplitude measurement are also shown in figure
4 (row D). The selected latency epoch included most of the AEP, and
provided a shape-independent measure of overall amplitude of the AEP.
The RMS amplitude measurement was less variable than the three peak
amplitude measurements.

Use of Several Plots to Study Detailed Shape Changes at a Peak

There were impact-induced changes in the details of the shapes at
peaks b and c which persisted for at least several minutes. In this
section it is shown how several plots (figures 6 and 7) can be used in
combination to study the details of such shape changes. Peak c was
chosen for the example. AEPs with N from 40 to 50 were used in these
two figures.

In figure 6, NCCF results for approximately 2 min. of pre-impact
and 20 min. of post-impact data are shown. In row A of figure 6, the
reference wave was the entire EP (3.00 to 6.80 ms, shown in figure 1).
This reference wave supplied a reliable measure of overall latency
shift of the entire AEP. In row B, a reference wave encompassing only
peak c was used (4.25 to 5.27 ms, see figures 1 and 7). The latency
shift stability resulting from this reference selection was comparable
to that in row A. This suggested that the maximum correlation in row
B was a reliable indication of shape behaviour at the peak. In
contrast, when a somewhat narrower reference wave was used at the peak
as shown in row C (4.46 to 5.18 ms, see figure 7) there resulted a
bi-stable behaviour which suggested that there was a measurement
problem with this reference wave. It thus appeared that the row 2 0
reference wave was just wide enough to provide stable NCCF results.

The nature of the instability that develops when the reference
wave is too narrow can be determined from figure 7. Peak c appeared
as if peaks from two waves were nearly superposed, resulting in a

0 double peak, or sometimes a single peak and an inflection. When this S

complex peak was used for a reference wave, the resulting NCCF also
tended to have a double peak or an inflection. The first peak
(primary) of the NCCF corresponded to a correct match between
reference and test waves, while the second (secondary) peak of the
NCCF corresponded to a match of the first peak of the reference wave
with the second peak of the test wave. This secondary peak became S
more prominent as the reference wave was made narrower, ultimately
resulting bi-stable behaviour. These considerations support the
conclusion that row B of figure 6 was indeed a reliable measure of
shape change at the peak. It may be concluded that the shape at the
peak was changed at impact, and essentially did not recover its
pre-impact state over the 20 minutes displayed. Furthermore, it is
noted that soon after impact, there was an especially drastic change
at this peak which recovered to a more moderate change in under two
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4.25 TO 5.27 MfIC 4.46 TO 5.18 MBEC

9.33 JJV

1.50 ICORi

1.0 148RC.

B C
4.05 TO 6.27 USEC.

.94 TO -83 SIC

83 TO 92 SIC

3O

1060 TO 1059 SIC

FIGURE 70

The six NCCFs obtained by applying two reference waves to three test
waves are shown in matrix form. The two reference waves (B and C) are
shown in the row at the top of the figure, and were used in rows B and

4 C of figure 6. The reference waves are part of peak c of figure 1.
The three test waves (1-3, N-49 or 50) are shown in the column at the0
left. Times (in ms) above the reference waves are the selected
latency limits determining the reference waves. Times (in sec) below
the test waves are the stimulus time limits (relative to impact) for
the AEPs constituting the test waves. The latency range of the
portion of the test waves displayed is 4.05 to 6.27 ms. All of the
reference waves are taken from the same baseline pre-impact average S
(N-584). Latency shift range for each of the NCCFs is -0.2 to +1.0
MS.
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minutes. These last findings are elaborated in the following section.:1
Polyexponential Regression

Three of the six graphs in figure 6 were subjected to
polyexponential regression. They were: the overall latency shift, the
peak c latency shift, and the peak maximum correlation. The other
graphs in figure 6 were considered too noisy to provide meaningful
results with polyexponential regression. The results are given in
table 3 and figure 8, where they are designated AL, B, and BC
respectively. In each of the graphs processed, a smal number (not
more than 4) of outlying points were arbitrarily dropped before the
regression analysis. The peak c latency shift was adequately F
described by a single exponential decay term with a time constant of
7.3 min. The peak c maximum correlation required two exponential
terms. One was a decay term with a time constant of 1.4 min., and the
other was an exponential growth term with a time constant of 340 min.
Since 340 min. is 17 times the duration of the data analysed, the
longer term was interpreted as a constant asymptote for the shorter

* term, representing a permanent displacement from control values. The
overall latency shift required two exponential decay terms with time
constants of 10 min. and 35 sec. In each of the graphs analysed, some
decrease in mean square error could be obtained by using three
exponential terms, but the three term results were not considered
meaningful.

DISCUSSION

The NCCF technique for quantification of EP data was examined and
has a number of advantages. In most cases, the parameters are easy to
set. There are four parameters, two specifying the portion of the
baseline AEP to be used as the reference wave, and two specifying the
limits of the latency shifts. Generally, the results are insensitive

*to small changes in these parameters. This allows effective
preliminary analysis where the nature and latency of the EP is known
only approximately. On the other hand, under certain predictable

*conditions, the choice of parameters can be quite critical. The
detailed analysis of the shape at a peak c is a case in point.

The next advantage is that the resolution of the measurement can
be easily traded against the sensitivity. Where the signal-to-noise
ratio is high, narrow reference waves can be used to provide
information about the waveshapes and latency shifts of various
portions of the EP. Where the signal-to-noise ratio is low, wide
reference waves can be used to increase detection reliability,
resulting in measures of overall latency shift.

Another adxantage of the NCCF method can be seen by comparing
NCCF to peak-detection on peak b (figures 3 and 4). The
peak-detection plot for peak b (figure 4, row B) indicates a strong
and persistent latency increase after impact (390 ps at 2.5 min.
post-impact). However, figure 1 shows that the shape at peak b

0 15
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Overall LateqM Shift. Reference: 3.00 to 6.80 AL

Son -ie tiz _0 time

1 to 0.29 -9.1 2
(23.9) a* 0.0053 0.24

* 2 to 0.25 -10. 0.42 -0.58
(9.76) s 0.0053 0.28 0.10 0.092

3 to 0.49 -7.1 -1.2 -2.4 1.2 -1.7
(6.64) s 0.11 0.69 0.067 0.35 0.061 0.15

Peak c Latency Shift. Reference. 4.25 to 5.23 -e SL

(NS2k10) i.m

1 to 0.25 -7.3
(46.4) s 0.0091 0.35

2 co 0.10 -7.3 0.15 -7.3
(46.4) s 0.0046 0.27 0.0046 0.41

3 to 0.13 -7.9 0.15 -7.9 0.84 -0.42
(43.0) GO 1.1 6815. 1.0 7960. 1.8 0.34

Peak c aximm Correlation. Reference: 4.25 to 5.23 as - C

1 Co 0.080 -10.
(46.2) se 0.0073 1.3

* 2 Co 0.025 .350. 0.20 -1.4
(25.3) so 0.0060 2000. 0.032 0.240

3 Co 5.2Z10 "7  .1.9 0.034 -36. 0.21 -1.2
(24.8) a* 8.1.1; -0 2.8 0.013 54. 0.040 0.31

TABLE 3

The results of polyexponential regression of three of the six graphs
in figure 6: (1) overall latency shift (A), (2) peak c latency shift
(BL), and (3) peak c maximum correlationB C). Graphic results appear
in figure 8. For each of the three graphs, regression was run for
one, two, and three term equat ons. The number of terms is given as
# Lxp and below this is MExO , the mean square error multiplied by
10 (after subtracting the regression curve). For each term, amp is
the exponential amplitude in appropriate units, and time is the time 0
coefficient in minutes. A negative time coefficient indicates
exponential decay while a positive time cofficient indicates
exponential growth. For latency shifts, the amplitude units are
milliseconds, and for peak correlations the amplitude units are
correlation. The regression coefficients are in rows marked co, and
the corresponding estimated standard errors are immediately below in
rows marked se. An asterisk (*) marks the most meaningful set of

coefficients for each of the three graphs fitted. In all cases, the
pre-impact median was taken as zero for the regression analyses and,
where the immediate effect of impact was a decrease in a measure, the
exponential curves were inverted. Thus for the maximum correlation, a
positive amplitude and a negative time coefficient indicate an initial S
decrease of the maximum correlation followed by a decay toward the
high pre-impact value.
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changed after impact in a way that would clearly affect the peak
latency measurement, but would have little effect of NCCF latency
shift measurement. The corresponding NCCF result (figure 3, row B)
also shows a persistent latency increase, but of considerably smaller
magnitude (210 ps at 2.5 min. post-impact). In data such as these,
latency shift can be interpreted in terms of changes in conduction
velocity, and the difference between the two types of measures could
be of considerable consequence.

Finally, waveshape is difficult to define quantitatively in a
concise way. One solution is to consider two EPs to be of the same
shape by definition if the correlation coefficient between them is
exactly unity, for some physiologically reasonable time shift between
them. The NCCF may then be used to quantify the difference in shape
between two waves. Measurement of waveshape is sensitive to a wide
variety of changes that would be difficult to quantify with
peak-detecting procedures, and would require taylored procedures for
quantification. However, other procedures will generally be required
to characterize the nature of changes detected with waveshape changes.
The detailed results for peak c in figures 6 and 7 illustrate this.

In previous work (Weiss and Berger, 1978) waveshape comparisons 4

were made using Pearson's correlation coefficient without allowing
latency shift. The problems this would entail are evident in a
comparison between the correlation coefficients at the peak with those
at zero latency shift in figure 1 (especially rows 2, 3 and 4). In
these data the two correlation coefficients differ drastically so that
failure to allow latency shift seriously confounds shape change and
latency shift. This has important implications in regard to use of
factor analytic procedures for waveform analysis of data such at
these. A number of authors have reported such work (Glaser and
Ruchkin, 1978; Squires, et al., 1977). A property of the models
underlying these procedures is that the EP is a linear combination of
a small number of elementary waveforms. The linearity of the model
implies that latency shift of these elementary waveforms is not
permitted, especially when the degree of latency shift is continuous.
(If latency shift is permitted in the model, at least one elementary
waveform is required for each theoretically possible latency value.)
The extent to which small latency shifts can become a problem for
these linear factor analytic models is indicated approximately by the
extent to which zero latency shift correlation differs from the peak
correlation of the NCCF, as in figure 1. It is immediately apparent
that in the post-impact data, application of such linear models would
be inappropriate, especially in view of the apparently continuous
latency changes seen in figures 3 and 6. The possibility remains that
if the data were first corrected to remove the latency shift, factor
analysis might be used. A procedure of this kind is used in the Woody
filter (Woody, 1967).

The application of polyexponential regression to the present data
was motivated by assuming a model in which impact produces a
unidirectional effect that decays to the pre-impact baseline. This is
equivaltnt to the assumption that the exponential amplitudes are
positive and that the time coefficients are negative. In practice,

18
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application of least squares sometimes results in coefficients with
the wrong sign. In some cases, this presents little problem for
interpretation. For example, the long, positive time coefficient for
the two-term fit to the peak c maximum correlation could easily be the
result of an asymptote that deviates from pre-impact data. On the
other hand, the three-term result for the overall latency shift (table
3) presents a more difficult problem. In this case, there were two
important changes in going from a two-term to a three-term fit.
First, the short time coefficient (-.58 min.) disappeared and was
replaced by tw considerably longer time coefficients (-1.7 and -2.5
min.). Second, a negative amplitude appeared for one of these time
coefficients. Examination of magnified residual graphs (not shown)
revealed that the combination of these two terms (one with negative
amplitude) was fitting a low level oscillation in the post-impact
data. It is tentatively assumed that the oscillation was not related
to the impact, and this three-term fit is considered inappropriate.

More generally, it has been found that the results of the
polyexponential least-squares fit are quite sensitive to the starting
values. For example, using the starting values supplied by CSTRIP,

* the two-term fit to the peak c latency shift merely duplicates the
time coefficient of the one-term fit with no improvement in mean
square deviation. However, by hand selecting the starting values, it
is possible to obtain a faster decaying term that improves the fit of
the first few points with consequent decrease in the mean square
deviation. (This term did appear with CSTRIP starting values for the
three-term fit of this graph.) Also, by appropriate selection of
starting values, it is possible to fit a low level oscillation in the
peak c latency shift with three terms, as was the case for the overall
latency shift. The essence of the matter is that the polyexponential
function can provide a number of very different good fits to a data
set containing a moderate amount of noise. Selection among these fits
must be guided by criteria other than strict adherence to the
least-squares principle.

These difficulties notwithstanding, the polyexponential
regression analysis is an effective technique for data such as these.
The following conclusions concerning the time course of the EP changes

• summarized in table 3 and figure 8 appear warranted. There is clearly
a double exponential decay in the overall latency shift. The time
course of the peak c latency shift may be described with a single
exponential decay tem. This time constant was 73 percent of the slow
time constant for the overall latency shift, and it is not clear
whether the difference between these two slow time constants is

* meaningful. The peak c maximum correlation did not return to baseline
in the time interval studied but there was a partial decay immediately
after impact (-1.4 min.). This time constant is 2.4 times the fast
time constant for overall latency shift and it appears that these two
fast time constants represent different phenomena. A tentative
interpretation of the shape changes indicated by the maximum

* correlation at peak c is that there were two nearly overlapping waves
that were altered differently by impact.

As a final comment, it should be noted that the sample rate (100
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kHz.) was quite high in view of the spectral content of the amplified
signal. The gain was -3 dB at 1.5 kHz. and -15 dB at 3.0 kHz. In
data filtered in this way, reliable latency shifts as low as 40 Ps
have been measured. If, in fact, the sampling rate is excessive in
view of the information content of the signal, it would be expected
that comparable results could be obtained using lower sampling rates
and appropriate analytic techniques. Interpolation procedures have
been applied to data sampled at lover rates yielding essentially the
same results as those obtained at the high sampling rate.

CONCLUSIONS

The normalized cross-correlation function (NCCF) is an effective
tool in the analysis of time dependent evoked potential data. By
adjusting its four parameters (two to specify the portion of the
baseline AEP used as the reference wave, and two to specify the
portion of the test waves to be scanned), diverse aspects of the EP
data can be quantified. Polyexponential regression, appropriately
applied, was also useful in characterizing the present data. The NCCF
provides measurements of shifts in latency and changes in waveshape.
The NCCF should not be used in isolation, but in combination with
other techniques that will provide measurements of amplitude, absolute
latency, and additional information concerning changes in waveshape
that are detected. In the present work, pre-impact baseline data were
used to generate the reference waves. Other choices of reference data
may be suitable in various experimental environments.
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